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ABSTRACT
Luminous red novae (LRN) are a class of optical transients believed to originate from the
mergers of binary stars, or “common envelope” events. Their light curves often show sec-
ondary maxima, which cannot be explained in the previous models of thermal energy diffu-
sion or hydrogen recombination without invoking multiple independent shell ejections. We
propose that double-peaked light curves are a natural consequence of a collision between
dynamically-ejected fast shell and pre-existing equatorially-focused material, which was shed
from the binary over many orbits preceding the dynamical event. The fast shell expands freely
in the polar directions, powering the initial optical peak through cooling envelope emission.
Radiative shocks from the collision in the equatorial plane power the secondary light curve
peak on the radiative diffusion timescale of the deeper layers, similar to luminous Type IIn
supernovae and some classical novae. Using a detailed 1D analytic model, informed by com-
plementary 3D hydrodynamical simulations, we show that shock-powered emission can ex-
plain the observed range of peak timescales and luminosities of the secondary peaks in LRN
for realistic variations in the binary parameters and fraction of the binary mass ejected. The
dense shell created by the radiative shocks in the equatorial plane provides an ideal loca-
tion for dust nucleation consistent with the the inferred aspherical geometry of dust in LRN.
For giant stars, the ejecta forms dust when the shock-powered luminosity is still high, which
could explain the infrared transients recently discovered by Spitzer. Our results suggest that
pre-dynamical mass loss is common if not ubiquitous in stellar mergers, providing insight into
the instabilities responsible for driving the binary merger.
Key words: keywords: binaries: close, stars: evolution
1 INTRODUCTION
Direct interactions between the component stars in a binary is a
common process (e.g. Sana et al. 2012) with key implications for
all stages of stellar evolution, ranging from the proto-stellar phase
(e.g. Krumholz & Thompson 2007) to the death of low mass stars
in proto-planetary nebulae (e.g., Morris 1990) and high mass stars
in supernovae and gamma-ray bursts (e.g., Cantiello et al. 2007; de
Mink et al. 2013). When at least one star begins overflowing its
Roche lobe, the ensuing mass transfer may be unstable, resulting
in a runaway process that culminates in both stars begin engulfed
in a non-corotating “common envelope” of gas (Paczynski 1976;
Webbink 1984; Livio & Soker 1988; Podsiadlowski 2001; Ivanova
et al. 2013). The merger process involves the ejection of mass and
angular momentum from the system, leaving the final binary in a
more compact configuration than its original separation or resulting
in complete coalescence into a single star. Though brief, this evo-
lutionary stage plays an important role in the production of mass-
transferring binaries, stripped-envelope or Type Ia supernova pro-
genitors, and gravitational wave sources (e.g. Podsiadlowski et al.
2002; Postnov & Yungelson 2014).
The common envelope phase of stellar mergers has been stud-
ied using multi-dimensional hydrodynamical simulations of the
dynamical inspiral stage (Rasio & Livio 1996; Sandquist et al.
1998; Passy et al. 2012; Ricker & Taam 2012; Nandez et al. 2014,
2015; Ohlmann et al. 2016; Ivanova & Nandez 2016) and one-
dimensional models which aim to follow the more slowly evolving
(many dynamical time) phases of the process (Taam et al. 1978;
Meyer & Meyer-Hofmeister 1979; Ivanova 2002; Hall 2015). How-
ever, despite this extensive effort, our theoretical understanding of
stellar mergers remains woefully incomplete, with even the most
fundamental questions still unanswered (Ivanova et al. 2013).
One of these open issues relates to the initial cause of the insta-
bility, and how it connects to the final merger outcome. Even prior
to the onset of Roche lobe overflow, the binary may be driven to-
gether by secular tidal instabilities (e.g. Rasio & Shapiro 1992; Lai
et al. 1993), such as the Darwin instability (e.g. Rasio 1995). How-
ever, this process is generally slow and will likely be overtaken by
other processes once mass transfer begins. If one star fills its Roche
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lobe before the other, dynamically unstable mass transfer can oc-
cur, depending on the non-adiabatic response of the surface layers
of the mass-transferring star (e.g. Hjellming & Webbink 1987; Ge
et al. 2010; Passy et al. 2012), filling the common Roche surface
with substantial gaseous mass. If the envelope rotates slower than
the binary, the resulting hydrodynamical drag of the binary orbiting
in this “egg beater” configuration provides one mechanism to ex-
tract angular momentum and drive the stars together (e.g. MacLeod
et al. 2017b). However, given the low inertia of the envelope, co-
rotation with the orbital velocity could well be maintained during
the earliest stages of the merger.
An alternative mechanism for driving the binary together is
the loss of mass and angular momentum through the outer La-
grange points, especially L2 (Flannery & Ulrich 1977; Shu et al.
1979; Lombardi et al. 2011; Pejcha 2014; Pejcha et al. 2016b,a).
Regardless of whether mass loss provides a dominant sink of angu-
lar momentum driving the merger, it may nevertheless accompany
the process prior to the dynamical inspiral. Even beginning “cold”,
mass near the L2 point can be unbound by non-axisymmetric
torques from the binary (Shu et al. 1979). This produces a sprinkler-
like outflow focused in the orbital plane, with a mass loss rate that
increases in strength approaching the final coalescence event (Pe-
jcha et al. 2016b,a). If observable, signatures of this pre-dynamical
mass loss could be diagnostic of the instabilities responsible for
driving the binary together and the mass loss history prior to the
final dynamical stage (Pejcha 2014). It is clearly important to ex-
plore what observational constraints exist on the presence of pre-
dynamical mass loss in stellar mergers.
An emerging class of optical transients, commonly known1
as “luminous red novae” (LRN; Martini et al. 1999; Munari et al.
2002; Bond et al. 2003; Mauerhan et al. 2015; Kankare et al.
2015; Kurtenkov et al. 2015; Smith et al. 2016; Blagorodnova et al.
2017), are believed to originate from stellar merger events (Soker &
Tylenda 2003; Tylenda et al. 2005; Soker & Tylenda 2006; Tylenda
& Soker 2006; Smith 2011; Ivanova et al. 2013; Nandez et al. 2014;
MacLeod et al. 2017). LRN are characterized by luminosities in-
termediate between those of classical novae and supernovae, and
by their comparatively red colors at late times (which also distin-
guish them from classical novae, which evolve to the blue). They
are estimated to occur every ∼ 2 years in Milky-Way type galaxies
(Kochanek et al. 2014). A sample of LRN light curves is shown
in Figure 1. Despite significant diversity in their duration and peak
luminosity, they are generally characterized by a slow but acceler-
ating rise to the a first peak, followed by either a plateau-like stage
or a more gradual rise to a second maxima. The true duration of the
outburst probably lasts longer than indicated by the optical light
curve, due to the inferred formation of dust, and shift of the SED to
the infrared, at late times.
The watershed event confirming the association of LRN with
stellar mergers was the galactic transient V1309 Sco (Mason et al.
2010; Tylenda et al. 2011). A multi-year time series of photo-
metric data from OGLE revealed an eclipsing binary with a de-
creasing orbital period prior to the outburst (Tylenda et al. 2011;
Ste¸pien´ 2011). Following the event, the optical variability disap-
peared (Tylenda et al. 2011; Kamin´ski et al. 2015), but the object
remains enshrouded in dust (Nicholls et al. 2013). Pejcha (2014) in-
terpreted the pre-explosion brightening of this event as the result of
L2 mass loss, with the emission being powered primarily by heat-
1 Alternative names used in the literature include ‘intermediate luminosity
optical transients’ and ‘mergebursts’ (Soker & Tylenda 2006).
ing due to internal shocks between the L2 spirals accompanied by
dust production (Pejcha et al. 2016b,a). Indeed, the pre-explosion
SED shows evidence for dusty mass loss already during the fi-
nal inspiral phase (Tylenda & Kamin´ski 2016). This pre-explosion
brightening is observed in other LRN, such as M101 OT2015-1
(Blagorodnova et al. 2017) and M31 LRN 2015 (Dong et al. 2015;
Williams et al. 2015), suggesting that pre-dynamical mass loss may
be ubiquitous.
The optical emission from LRN was previously proposed
to originate from hydrogen recombination in a shell, or multiple
shells, of mass ejected during the dynamical stage of the merger
process (Ivanova et al. 2013; Lipunov et al. 2017), similar to the
physics controlling the plateau phase of Type IIP supernova light
curves. However, MacLeod et al. (2017) found that recombination
energy cannot simultaneously explain the short duration and high
luminosities of the first light curve peak of M31 LRN 2015 given
the characteristic velocities observed. They argue that the first peak
could instead be explained by the release of thermal emission from
the hot ejecta, similar to the “cooling envelope” phase of early su-
pernova emission (e.g., Nakar & Sari 2010). On the other hand,
a single energy source cannot readily explain the doubled-peaked
shape of many LRN light curves (Fig. 1), without invoking mul-
tiple distinct shell ejection events separated by time intervals of
many binary orbital periods. Also mysterious is the complex color
evolution in some LRN (e.g., SN Hunt248, which evolves from red
to blue and then back to red, Fig. 3 of Mauerhan et al. 2015; M31
LRN 2015, Figs. 1 and 2 of Kurtenkov et al. 2015), which contrasts
with the monotonic blue to red evolution of most supernovae.
Here we propose a new model for the optical emission of
LRN, based on the shock interaction between the dynamically-
ejected mass and a prior phase of equatorially-concentrated mass
loss. Figure 2 provides a schematic illustration of the idea. Our
proposed mechanism is qualitatively similar to that invoked to ex-
plain the light curves of luminous Type IIn supernovae, powered by
the collision between the supernova ejecta and pre-explosion stellar
mass loss (e.g., Smith & McCray 2007; Chevalier & Irwin 2011)
and classical novae (Metzger et al. 2014, 2015). In the polar di-
rection, where the density of the pre-dynamical medium is lowest,
the fast dynamical ejecta will expand freely. The first light curve
maximum is powered via diffusion of thermal emission from these
hot outermost layers (“cooling envelope”; MacLeod et al. 2017). In
the equatorial plane of the binary the fast ejecta collides with the
slow equatorial wind; these shocks provide a sustained source of
radiation which powers the second light curve peak (the light curve
peaks later because the shocks are deeply embedded and hence the
radiative diffusion timescale is longer). The combination of cool-
ing envelope and shock-powered emission thus provides a natural
explanation for the double-peaked light curves of many LRN.
Our model shows that the secondary maxima of LRN light
curves do not require an additional dynamical mass ejection events,
but instead imprint valuable information on the mass loss history
prior to the dynamical merger phase. The common presence of lu-
minous secondary peaks (Fig. 1) thus indicates that the growth rate
of pre-dynamical mass loss is generally gradual, which in turn sug-
gests that the instability responsible for the merger initiated many
orbital periods prior to the final dynamical phase (Pejcha 2014).
Beyond its implications for LRN optical emission, our model
suggests a natural geometry for dust formation in stellar merger
ejecta as being concentrated in the equatorial plane where the gas
is swept into a dense shell by highly compressible radiative shocks,
as supported by observations (Kamin´ski et al. 2010; Chesneau et al.
2014; Mauerhan et al. 2017). For particularly wide binary mergers,
c© 2017 RAS, MNRAS 000, 1–12
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Figure 1. Light curves of stellar merger candidates. Events shown include NGC 4490 OT2011 (green; Smith et al. 2016), SN Hunt248 (pink; Mauerhan et al.
2015, Kankare et al. 2015), M101 OT2015-1 (brown; Blagorodnova et al. 2017), V838 Mon (yellow; AAVSO International Database), V1309 Sco (black;
Tylenda et al. 2011, Pojmanski 2002, AAVSO International Database), M31 LRN 2015 (green; Kurtenkov et al. 2015). We show single-band light curves
corrected for reddening. Wiggles seen in some objects are due to uncorrected differences between different data sources.
Table 1. Properties of LRN and their stellar progenitors
Event M R? vesc v
(a)
ej L
(b)
pk t
(b)
pk Refs
(M) (R) (km s−1) (km s−1) (erg s−1) (days)
M31 LRN 2015 3−5.5 30−40 100 − 130 370±240 N/A N/A 8
SN Hunt248 30±2 500 75 1200 6 × 1040 (c) 100 6
V838 Mon 5−10 4-6 350−400 500 4 × 1039 40 2, 3
V1309 Sco 1.5 3.5 170−500 150 N/A N/A 1
M101 OT2015-1 18 220 180 500 3 × 1040 110 4
NGC 4490-OT 30 - 280-650 - 7 × 1040 160 7
(a)Ejecta velocity inferred from optical spectra (note that this may not always represent the velocity of the bulk of the ejecta, but instead the fastest
components). (b)Approximate peak luminosity of second peak. (c)Assuming the second peak was bolometrically about 1 mag fainter than the first
References: (1) Mason et al. (2010), (2) Munari et al. (2002), (3) Tylenda et al. (2005); Afs¸ar & Bond (2007) but see Munari et al. (2005), (4) Blagorodnova
et al. (2017), (5) Smith et al. (2016) , (6) Mauerhan et al. (2015), (7) Mauerhan et al. (2017), (8) MacLeod et al. (2017)
we find that dust may form at an early stage, in which case the
shock-powered emission could be completely embedded within,
and reprocessed by, dust. This provides a possible explanation for
the class of infrared bright (but optically obscured) transients re-
cently discovered as part of the recent Spitzer survey of nearby
galaxies (Kasliwal et al. 2017). Particularly early dust formation
may occur in mergers where the shocks are insufficient to keep the
ejecta ionized, possibly explaining the absence of clear secondary
optical light curve peaks in V1309 Sco (Tylenda et al. 2011) and
M31 LRN 2015 (Kurtenkov et al. 2015).
This paper is organized as follows. In §2 we motivate the ba-
sic physical picture using SPH hydrodynamical simulations of the
interaction between a fast dynamically-ejected shell and a slow
equatorially-concentrated wind. In §3 we describe a 1D numeri-
cal model for the shock interaction and a simple radiative diffusion
model for LRN light curves. In §4 we describe results of the 1D
model, present some analytic scalings (§4.1), and describe the im-
plications for dust formation in stellar mergers (§4.2). In §5 we
discuss our results and summarize our conclusions.
c© 2017 RAS, MNRAS 000, 1–12
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Figure 2. Schematic illustration of shocks in stellar mergers and the power
source of LRN. During the terminal phase of the merger, a fast dynamically-
ejected shell (red) collides with with a slow equatorially-focused wind
(blue) from the pre-dynamical L2 mass loss phase. The fast ejecta expands
freely in the polar direction, releasing the initial thermal energy of the ex-
plosion in cooling envelope emission and powering the first peak in the
LRN light curve. Radiative shocks between the fast and slow outflows in
the equatorial plane produce radiation, which first diffuses out through the
disk in the vertical direction and then radially through the fast ejecta, pow-
ering the second light curve peak. Gas swept up by the shocks collects in a
cool, dense, shell, providing a natural location for subsequent dust forma-
tion in the ejecta. Dust formation may occur earlier in the merger of giant
stars, allowing a sizable fraction of the shock power to be reprocessed by
the dust itself and producing a luminous infrared transient.
2 MASS LOSS: SLOW AND FAST OUTFLOWS
2.1 Initial conditions
Consider the merger of a stellar binary of semi-major axis a, total
mass M, mass ratio q ≤ 1, and escape speed vesc ≈ (2GM/a)1/2.
Prior to the final, dynamical stage of the event, an external density
profile is laid down by the prolonged prior phase of equatorially-
focused mass loss. We approximate this outflow as that due to a
wind of constant velocity vw ∼< vesc,
ρw =
M˙(tw = r/vw)
4pi fΩvwr2
, (1)
where M˙ is the wind mass-loss rate at time tw prior to the dynamical
explosion and fΩ ≈ h/r ≈ 0.1−0.3 is the fraction of the solid angle
in the equatorial plane subtended by the wind, where h is the ver-
tical height of the slow ejecta. We parametrize the pre-dynamical
mass loss rate through a simple prescription
M˙(tw) =
Mw
trun
e−tw/trun , (2)
where Mw is the total wind mass loss, trun = Ntorb and N is the
number of binary orbital periods torb = 2pi(a3/GM)1/2 over which
the mass loss grows approaching the merger. For V1309 Sco one
infers N ∼ 5 to 20 immediately prior to the outburst (Tylenda
et al. 2011; Pejcha 2014), though the evolution might be more com-
plex than captured by Equation (2). If the pre-dynamical mass loss
leaves L2 with roughly the specific angular momentum of corota-
tion, we can obtain an estimate of Mw. The long lever arm of L2
implies that a binary needs to lose only 10 to 15% of the secondary
mass qM/(1 + q) to get rid of all of its orbital angular momentum
(MacLeod et al. 2017). The required mass loss is obviously greater
if the specific angular momentum is lower than that of L2.
We assume that the dynamical phase of the merger is char-
acterized by the (likely shock-driven) ejection of a total mass Mej
released effectively instantaneously at t = 0 from a radius rin ≈ a.
The dynamical ejecta is spherically symmetric with homologous
radial profile, for which the velocity at radius r is given by vej = r/t.
We model the density distribution as that of a relatively flat inner
profile and a steeper power-law tail of high velocity ejecta
ρej =

(δo−3)(3−δi)
4pi(δo−δi)
Mej
(v¯ejt)3
(
vej
v¯ej
)−δi
, r ≤ v¯ejt
(3−δi)(δo−3)
4pi(δo−δi)
Mej
(v¯ejt)3
(
vej
v¯ej
)−δo
, r > v¯ejt.
(3)
where v¯ej ≈ vesc approximately equals the mean ejecta velocity and
the power-law indices of the inner ejecta (δi < 3) and outer ejecta
(δo > 3) depend on the details of the dynamical phase (Chevalier &
Soker 1989). The mass above a velocity vej is given by
Mv =

(3−δi)Mej
(δo−δi) +
(δo−3)Mej
(δo−δi)
[
1 −
(
v
v¯ej
)3−δi ]
, r ≤ v¯ejt
(3−δi)Mej
(δo−δi)
(
v
v¯ej
)3−δo
. r > v¯ejt.
(4)
We have few a priori constrains on Mej apart from the usual energy
arguments applied to stellar mergers (e.g. Webbink 1984). The ac-
tual value of Mej must depend on the masses and structure of the
binary components. To explain the observed light curves we typi-
cally require Mej ∼ Mw.
2.2 Hydrodynamics of the interaction
To motivate the analytic model developed in Section 3, we per-
form several hydrodynamical simulations of this problem. We use
a simplified version of the smoothed particle hydrodynamics (SPH)
code developed in Pejcha et al. (2016b,a), which includes standard
hydrodynamical and viscous evolution (Price & Monaghan 2007;
Monaghan & Gingold 1983; Balsara 1995) with a realistic equation
of state (Tomida et al. 2013). We neglect gravitational forces and
radiative processes. We set up the initial conditions by distribut-
ing cold equal-mass particles in the equatorial outflow according
to the density distribution of Equation (1) with an inner boundary
at 5a and outer boundary at 80a. The dynamical ejecta is initiated
by placing particles in rest within a sphere of radius 2a and set-
ting their temperature to a high value. The expansion of the central
hot ball converts its internal energy to kinetic energy and naturally
sets up homologous expanding velocity profile, although we do not
attempt to match Equation (3). Although initiating the simulation
with particles on a regular grid leads to better energy conservation,
for the visualization purposes we show qualitatively identical re-
sults from a run with randomly positioned particles.
Figure 3 shows results from one of the simulations. The dy-
namical ejecta is free to expand in the polar direction, but near
the equatorial plane, where the expansion slows down due to the
pre-existing material, a torus of swept-up material bounded by the
forward and reverse shocks quickly develops. As the torus plows
through the equatorial outflow, a fraction of the swept-up mate-
rial is squeezed above and below into the homologously expanding
ejecta, where it is accelerated to higher velocities. This leads to an
overdensity of material at mid-latitudes, which might be the cause
of ring-like features seen in some merger remnant candidates such
as the progenitor of SN1987A (Morris & Podsiadlowski 2007).
In this highly idealized setting, the two components interact
c© 2017 RAS, MNRAS 000, 1–12
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Figure 3. Density and temperature structure of the collision of initially spherical homologuously expanding ejecta and pre-existing equatorially-concentrated
outflow. The two left panels show projections of density and temperature in the binary orbital plane, while the two right panels show the vertical structure of
the same obtained by projecting the particles in the
√
x2 + y2 − z plane. The arrows in the lower right panel denote the velocity vectors. We assumed a system
with a = 0.03 AU, M = 1.65 M, Mej = Mw = 0.01 M distributed among a total of 2 × 106 equal-mass particles. The equatorial outflow had vw = 50 km s−1,
half-opening angle of 20 degrees, trun = 160torb, and T = 2000 K. The central hot ball was initiated with T = 5 × 105 K. The animated version of this figure is
available in the on-line version or at https://youtu.be/3IG9pJhRFR8.
only near the torus of swept-up material, as envisioned in Fig-
ure 2. We experimented with more realistic settings appropriate for
V1309 Sco and found that the morphology of the interaction region
depends on the details of the density profile. Specifically, the tilt of
the forward/reverse shock with respect to the orbital axis can vary
depending on the vertical density structure of the equatorial out-
flow. In some cases we saw finger-like instabilities in the swept-up
torus, like in other similar settings (e.g. Chen et al. 2016). How-
ever, here we focus on the implications of this general structure for
the light curves and leave the detailed investigation of the hydrody-
namics to future work.
3 ANALYTIC MODEL
3.1 Shock Interaction
After the onset of the explosion (t > 0), the fast ejecta drives a
forward shock into the slow pre-dynamical wind, while a reverse
shock passes through the fast ejecta (Figs. 2, 3). Given the high gas
densities and characteristic shock velocities of hundreds of km s−1
or less, the shocks are radiative (cooling time much shorter than
expansion timescale) and the post-shock gas collects into a thin
dense shell of radius Rsh(t). The mass of the cold shell grows as
the result of sweeping up both winds by radiative shocks (Metzger
c© 2017 RAS, MNRAS 000, 1–12
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et al. 2014)
dMsh
dt
= 4pi fΩR2shρej,sh
(Rsh
t
− vsh
)
+ 4piR2shρw,sh(vsh − vw) (5)
while the swept up momentum of the shell grows as
d
dt
(Mshvsh) = 4pi fΩR2shρej,sh
Rsh
t
(Rsh
t
− vsh
)
+4piR2shρw,shvw(vsh−vw),
(6)
where ρej,sh(t) ≡ ρej(Rsh) and ρw,sh(t) ≡ ρw(Rsh) are the density of
the slow wind and the fast ejecta just upstream of the shocks.
The power dissipated at the forward and reverse shocks from
the jump conditions are given, respectively, by
Lf =
9pi
8
R2shρw,sh(vsh − vw)3 (7)
Lr =
9pi
8
fΩR2shρej,sh
(Rsh
t
− vsh
)3
(8)
This power is primarily released behind the shock as UV line emis-
sion. However, given the high columns of gas ahead of the shocks
and in the central shell, this hard radiation will be absorbed and
reprocessed to lower, optical frequencies.
3.2 Light Curve Model
For optical radiation from the shocks to escape to an external ob-
server, it must diffuse both out through the slow equatorial outflow
into the polar region occupied by the fast ejecta, and then radially
through the fast ejecta (the initial thermal energy of the dynamical
ejecta obviously passes just through the latter). In order to calculate
the light curve, we follow the evolution of the internal energy of the
slow wind, Ew, and that of the dynamical ejecta, Eej.
We model the slow wind as a single zone near the shock of
volume Vw = 4piR2shh and mass Vwρsh,w, in which the specific inter-
nal energy Ew evolves according to
dEw
dt
= −ηw EwRsh
dRsh
dt
+
(Lf + Lr)
Vwρw,sh
− Ew
td,w
. (9)
The first term accounts for PdV losses, where the ratio ηw ≡
3Pw/Ew varies between 1 − 2 depending on whether radiation or
gas dominates the pressure Pw. The source term is the luminosities
of the shocks (eqs. 7,8).
The last term in equation (9) accounts for vertical radiative dif-
fusion into the polar region occupied by the fast ejecta. This occurs
on the radiative diffusion timescale
td,w = (τw + 1)
h
2c
= (ρw,shκwRsh fΩ + 1)
Rsh fΩ
2c
, (10)
where τw = ρw,shκwh is the vertical optical depth through the disk
of scale-height h = fΩRsh and the factor of 2 accounts for diffusion
through the top and bottom halves of the disk. The Rosseland mean
opacity of the disk κw depends on the local density ρw,sh and the
temperature Tw (see eq. 13 below); the latter is determined from
the density and internal energy Ew according to the equation of
state. We adopt a simple equation of state which includes gas and
radiation pressure.
We simultaneously follow the evolution of the specific energy
of the fast ejecta. We divide the fast ejecta into a large number of
discrete shells of velocity vej and mass ∆Mv = Mv+∆v −Mv accord-
ing to the density distribution given in equation (4). The specific
internal energy of each shell Eej,v evolves according to
dEej,v
dt
= −ηej,v Eej,vt +
Ew
td,w
Vwρw,sh
∆Mv
− Eej,v
td,v
, (11)
where again the first term accounts for PdV losses where ηej,v ≡
3Pej,v/Eej,v. The second term accounts for the diffusion of shock en-
ergy into the fast ejecta, which we assume is distributed uniformly
per unit mass throughout the fast ejecta.2
The last term in equation (11) accounts for radiative diffusion
in the radial direction through the ejecta, as occurs on the diffusion
timescale
td,v = (τej,v + 1)
Rej
δ · c (12)
where τej,v = ρej,vκej,vRej is the radial optical depth of the shell of
radius Rej = vejt, local density slope δ = δi, δo (eq. 3), and Rosse-
land mean opacity κej,v. The latter depends on the density ρej,v and
temperature Tej,v of the shell, which is determined from Eej,v based
on the equation of state. The diffusion time is generally a monoton-
ically decreasing function of radius, but when this is not the case
we artificially set the diffusion time to its maximum value above
the given shell’s velocity.
In Type IIP supernovae, the ejecta is relatively dilute and the
opacity of fully ionized matter is well-approximated as that due to
electron scattering. However, the comparatively smaller velocities
of stellar merger ejecta (v ∼< 500 km s−1) imply much higher den-
sities ρ ∝ Mej/v3, necessitating the use of a more complex opacity
formulation. We calculate the opacity of both the slow wind and
fast ejecta using the following approximate analytic formula (for
solar metallicity; Z = 0.02, X = 0.74)
κ ≈ κm +
(
κ−1H− + (κe + κK)
−1)−1 , (13)
which accounts for electron scattering κe ≈ 0.2(1 + X) cm2 g−1,
bound-free/free-free absorption κK ≈ 4 × 1025Z(1 + X)ρT−7/2 cm2
g−1, H− opacity κH− ≈ 1.1 × 10−25Z0.5ρ0.5T 7.7 cm2 g−1, and a char-
acteristic molecular opacity κm ≈ 0.1Z cm2 g−1
Equations (5, 6) are solved for the shock radius Rsh(t) and ra-
diative luminosities Lf(t), Lr(t). These results then serve as input in
solving the coupled equations (9 and 11). As initial conditions, we
assume that the wind material is cold and that the dynamical ejecta
is shocked heated to a specific energy Eej,v(t0) = v2ej/2 at initial
time t0 = 0.1tdyn, where tdyn = (a3/GM)1/2. The validity of this pre-
scription is uncertain, and depends on the details of the dynamical
merger phase and the shock-driven outflows.
The total bolometric luminosity is given by the sum of the
luminosities of each mass layer
Lbol(t) =
∑
v
Lrad,v(t) =
∑
v
∆Mv
Eej,v(t)
td,v(t)
(14)
We approximate the photosphere radius by its luminosity-weighted
value
Rph =
1
Lbol
∑
v
Lrad,v(vejt) (15)
The photosphere temperature is then given by
Tph =
 Lbol4piσR2ph
1/2 (16)
2 In reality, the shocks will deposit most of their radiation locally near the
mass shells corresponding to the instanteneous shock location. However,
our attempt to localize the heating led to unphysical light curve behavior at
some epochs, due to our simple shellular treatment of the radiative transfer.
This simplification does not result in large quantitative errors for the light
curve because the shock usually resides near the inner ejecta layers, the
diffusion from which dominates the secondary light curve maximum.
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4 RESULTS OF ANALYTIC LIGHT CURVE MODEL
Figure 4 shows an example calculation for binary of mass M =
10M, semi-major axis a = 31R, orbital period torb = 6.5 d, es-
cape velocity vesc = 350 km s−1, slow wind velocity vw = vesc/4
and covering fraction fΩ = 0.3, mean dynamical ejecta veloc-
ity v¯ej = vesc, maximum ejecta velocity v¯max = 3vesc, ejecta mass
Mej = Mw = 0.1M = 1M, and pre-dynamical mass-loss timescale
trun = 10torb = 65 d.
The velocity of the swept-up shell vsh (bottom panel, orange
line) decreases over the first few weeks to a value ∼< 150 km s−1,
midway between that of the fast ejecta and slow wind. Over the
same time interval, the shell/shock radius Rsh (bottom panel, blue
line) moves outwards to a radius Rsh ∼> 10−100a ≈ 1−10 AU (bot-
tom panel, blue line). The shocks radiate a luminosity (top panel,
black line) that peaks at very early times and decreases thereafter
as both the shell velocity, and the density of the pre-dynamical out-
flow ahead of the shock, drops as the shocks propagate outwards.
This radiation leaks out of the equatorial torus into the polar re-
gion occupied by the fast ejecta, with a luminosity Lw (top panel,
brown line) that is slightly delayed from the shock power due to
the timescale required for vertical radiative diffusion through the
torus (this timescale decreases as the shock propagates outwards to
regions of lower density).
The first peak in the optical light curve νLν (bottom panel, red
line) occurs on a timescale of several days and is powered by the
initial thermal energy of the fast layers of the dynamical ejecta,
which expand freely along the polar axis of the binary (“cooling
envelope” emission).
However, the second broader peak in the emission at t ∼ 40 −
60 days is powered by diffusion of the shock power from greater
depths. The light curve shape is “bumpy” due to the sensitive de-
pendence of the opacity on the density and temperature at differ-
ent layers of the ejecta. The estimated photosphere temperature
Tph ≈ Teff (bottom panel, black line) decreases from ∼> 6000 K near
the first peak, to ∼ 3000 K near the second peak. Starting around
day 80, the fastest ejecta shell with vej = vmax reaches a temperature
(regulated by irradiation from within) below the value ≈ 1500 K re-
quired for dust nucleation, while the luminosity-averaged tempera-
ture of the ejecta reaches this temperature somewhat later, around
day 120. Once dust forms in the ejecta, the bolometric luminosity
from shock power can still remain relatively high; however, the ef-
fective temperature of the emission will drop considerably due to
the formation of a much larger dust photosphere, strongly reducing
the optical flux (§4.2).
Figure 5 shows a range of models, calculated under different
assumptions about the mass and semi-major axis of the binary, as
well as the timescale of pre-dynamical mass loss trun. The light
curves are seen to produce secondary peaks on timescales ranging
from ≈ 30−150 days with characteristic luminosities ∼ 1039−1040
erg s−1. In the cases of more massive, extended stars with relatively
large values of trun, the shape of the light curves - in particular, the
presence of a primary and secondary peak - qualitatively resemble
the fiducial case.
In the case of a less massive more compact binary (orange
line in Fig. 5), the secondary peak is suppressed. This behavior is
due to the strong drop in opacity that occurs around 10 days due to
the recombination of the ejecta (as shown by a spike in the emis-
sion). As discussed in the next section, the timescale of the delayed
secondary peak present in most models is set by radiative diffusion
from the deep inner layers; however, in this case, the shock power is
insufficient to keep the ejecta ionized to late times, thus precluding
Figure 4. Example calculation for M = 10M, a = 31R, vesc = 350 km
s−1, vw = vesc/4, fΩ = 0.3, v¯ej = vesc, v¯max = 5vesc, Mej = Mw = 0.1M =
1M, trun = 10torb = 65 d. Top Panel: Time evolution of luminosities
of interest, including: forward shock Lf , reverse shock Lr (dashed black),
total shock Lsh = Lf + Lf (solid black), radiation from shocked disk Lw
(brown), bolometric Lbol (blue), R-band νLν (red). Bottom Panel: other
quantities of relevance, including the shock radius Rsh normalized to the
semi-major axis (blue), luminosity-weighted temperature of fast ejecta Tavg
(red), “photosphere” temperature Tph (black), luminosity-weighted average
opacity of ejecta shells κavg (brown)
the delayed release of energy responsible for shaping the shock-
powered peak. The details of the light curve (in particular the sud-
den emission spike) should not be trusted in this case, because our
simple model cannot follow the recombination front. However, we
may nevertheless conclude that a prominent shock-powered sec-
ondary peak will be suppressed in events where the ejecta recom-
bines prematurely, even if the plateau-shaped light curve preceding
it is powered largely by the shocks.3 As discussed further in §5, this
provides one explanation for the lack of secondary peaks in some
LRN such as V1309 Sco.
3 A similar internally-powered plateau is descrobed by Sukhbold &
Thompson (2017) in the context of Type IIP supernovae powered by a cen-
tral magnetar engine.
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4.1 Approximate Scaling Relations
The basic light curve properties of shock-powered emission in LRN
can be estimated using simple analytic arguments, at least in cases
where the shock power is sufficient to keep the ejecta ionized at the
nominal time of the secondary peak.
We begin by estimating the velocity of the cold central shell.
The radiative shock interaction is momentum-conserving, so the
shell velocity equals the ratio of the swept-up momentum psh(t) ≈
Mejv¯ej fΩ + Mw,sh(t)vw and the swept-up mass Msh(t) ≈ fΩMej +
Mw,sh(t),
vsh
v¯ej
=
1
v¯ej
psh
Msh
≈ 1 + (vw/v¯ej)(Mw,sh/ fΩMej)
1 + Mw,sh/( fΩMej)
, (17)
where the swept-up mass of the pre-dynamical wind is given by
Mw,sh(t) ≈
{
Mw(Rsh/vwtrun) ≈ Mw(t/tend), t ∼< tend
Mw, t ∼> tend.
}
(18)
and tend = trun(vw/vsh) is the time required for shock to reach the
outer edge of the pre-dynamical outflow. Although the time evolu-
tion of vsh is complicated by the implicit dependence of Mw,sh on
vsh, we find that for fiducial parameters its value varies by less than
a factor of two from its asymptotic value of
v∞
v¯ej
=
1 + vwv¯ej
Mw
fΩMej
1 + MwfΩMej
≈ 0.5 − 1, (19)
where in the final line we have taken Mw ∼< Mej, fΩ = 0.3, and
vw/v¯ej = 0.25. In our analytic estimates that follow we assume a
temporarily constant value of vsh = ξv¯ej, where ξ ≈ 0.5 − 1.
Emission escapes on the photon diffusion timescale through
the fast ejecta, which at the shock radius Rsh ≈ vsht is given by
td,sh ≈ τej,sh Rshc ≈
(∫
Rsh
ρejκejdr
)
Rsh
c
≈ Mejκej
6piξ(v¯ejt)
, (20)
where we have used equation (3) for δo = 5 and δi = 2.
If the opacity remains roughly constant in time, then equat-
ing this to the expansion time t gives the timescale for the shock-
powered emission to rise to its peak (Arnett 1982)
tpk ≈
(
Mejκ
6piξcv¯ej
)1/2
≈ 27 d κ
1/2
0.3
ξ1/2
(
Mej
0.1M
)1/2 ( v¯ej
vesc
)−1/2 ( M
M
)1/4 ( a
10R
)1/4
≈ 27 d κ
1/2
0.3
ξ1/2
(
Mej
0.1M
)1/2 ( v¯ej
vesc
)−1/2 ( M
M
)9/20 ( a
10Rms
)1/4
,(21)
where κ0.3 ≡ κ/(0.3cm2 g−1) is normalized to a typical value
(Fig. 4). In the second line we have normalized the ejecta mass
to a fixed fraction of the total stellar mass; the fast ejecta velocity
to the binary escape speed; and the semi-major axis of the binary
to 10 times the main sequence stellar radius Rms ≈ R(M/M)0.8.
All else being equal, equation (21) shows that mergers be-
tween more massive stars, or evolved stars with radii much larger
than their main sequence values, will result in later peaking light
curves, consistent with our full numerical solutions (Fig. 5). How-
ever, overall the dependence on binary parameter is relatively weak,
consistent with the factor of ∼< 5 range of observed values tpk ≈
30 − 150 d for a ∼ 2 − 100Rms and M ∼ 1.5 − 30M (Fig. 1, Ta-
ble 1). Also note that, by assuming a fixed, relatively high value of
the opacity in deriving equation (21), we cannot account for cases
when the shock heating is insufficient to keep the ejecta ionized
(e.g. the 2M model in Fig. 5).
If the forward shock dominates the shock power (eq. 7), then
the peak luminosity of the shock-powered second light curve peak
is given by (in the limit vsh  vw)
Lpk ≈ Lf(tpk) ≈ 932 fΩ
v3sh
vw
Mw
trun
e−
( vsh tpk
vw trun
)
≈ 9 × 1040 erg s−1 ξ3
(
fΩ
0.3
)−1 ( Mw
0.1M
) ( vw
vesc/4
)−1
(22)
×
(
v¯ej
vesc
)3 ( trun
10torb
)−1 ( M
M
)5/2 ( a
10R
)−5/2
e−
( vsh tpk
vw trun
)
, (23)
where we have used equations (1,2). Normalizing again to the main
sequence radius,
Lpk ≈ 9 × 1040 erg s−1 ξ3
(
fΩ
0.3
)−1 ( Mw
0.1M
) ( vw
vesc/4
)−1
×
(
v¯ej
vesc
)3 ( trun
10torb
)−1 ( M
M
)1/2 ( a
10Rms
)−5/2
e−
( vsh tpk
vw trun
)
, (24)
where the argument of the exponential is (assuming vw = vesc/4)
vsh
vw
tpk
trun
≈ 3 ξ1/2κ1/20.3
(
trun
10torb
)−1 ( Mej
0.1M
)1/2 ( v¯ej
vesc
)−1/2 ( M
M
)−1/4 ( a
10Rms
)−5/4
(25)
The luminosity of the shock-powered emission increases with
the binary mass, and is also generally stronger for collisions be-
tween more compact stars or shorter runaway times trun, up to the
point when the exponential suppression term becomes ∼> 1. The
most luminous predicted transients are those from high mass stars
close to the main sequence a ≈ 2Rms with long pre-dynamical
mass-loss timescales trun ∼> 100torb, for which the predicted lumi-
nosity is Lpk ∼> 3 × 1041 erg s−1, consistent with the most luminous
LRN (Fig. 1).
Figure 6 summarizes the above results, showing contours
in the parameter space of stellar mass and radius for the peak
timescale (top panel) and peak luminosity/temperature (bottom
panels), the latter for two assumptions about the timescale of pre-
dynamical mass loss, trun = 10, 100torb.
4.2 Dust Formation
Near- and mid-IR interferometric observations of V838 Mon re-
vealed a resolved flattened disk-like equatorial overdensity of dust
with a major axis that aligns with the position angle inferred from
polarimetric studies (Chesneau et al. 2014). Likewise, V1309 Sco
formed a slowly-expanding, dense, and optically-thick dusty enve-
lope during its 2008 outburst (Tylenda & Kamin´ski 2016). Spitzer
observations of the LRN V4332 Sagittarii (Martini et al. 1999) re-
vealed evidence for dust formation (Banerjee et al. 2007). The ob-
served strengths of emission lines suggest that only a small frac-
tion of the emission from the central object is observed, presum-
ably due to a dusty disk viewed edge on (Kamin´ski et al. 2010),
consistent with evidence from linear polarization for dust scatter-
ing in an equatorially-focused disk (Kamin´ski & Tylenda 2011).
Mauerhan et al. (2017) also provide evidence, based on the mid-
infrared through UV observations, for aspherical dust distribution
in SN Hunt248.
Dust formation thus appears to be ubiquitous in LRN at late
times, and its inferred geometry may support the shock interaction
c© 2017 RAS, MNRAS 000, 1–12
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Figure 5. Bolometric light curves for a range of models, showing the com-
mon presence of an early-powered light curve peak from the cooling en-
velope and a later shock-powered secondary maximum. Models shown in-
clude the fiducial case (M = 10M, a = 30R, trun = 10tdyn; Fig. 4), as well
as variations with longer pre-dynamical mass runaway time (trun = 100tdyn;
brown); smaller semi-major axis (a = 10R; blue); larger binary mass (M =
30M; red); larger binary mass and larger semi-major axis (M = 30M,
a = 100R; green). Also shown in a less massive star M = 2M in a more
compact binary a = 10R (orange). This light curve has a qualitatively dif-
ferent shape because the shocks are not powerful enough to keep the ejecta
ionized, and the resulting drop in opacity prevents the formation of a second
light curve peak (note that our model does not include dust opacity, and so
a secondary peak might still form in the infrared).
picture developed in this paper. The radiative shocks that occur in
the equatorial plane of the binary provide a natural location for
the observed dust formation. Gas cools behind a radiative shock
from the immediate post-shock temperature of ≈ 105 − 106 K to
∼< 104 K, resulting in compression by a factor ∼> 10 − 100 from
the pre-shock density. Additional radial expansion is required for
the shocked matter to cool further to the temperatures ∼< 2000 K
required for dust nucleation. However, residual concentration of a
dense dust-forming region in the binary equatorial plane appears to
be a natural prediction of our model. A similar model for dust for-
mation in equatorially-concentrated radiative shocks was recently
proposed for classical novae (Derdzinski et al. 2016).
Across much of the stellar merger parameter space, the shocks
are sufficiently luminous to keep the ejecta hot enough to delay
dust formation until after the time of the secondary peak. However,
the bottom panel of Figure 6 shows low peak temperatures Tpk ∼<
2000K for compact stars in the case of short runaway times t ∼<
10torb, or from more radially extended stars a ∼> 10Rms in the case of
long runaway times t ∼> 100torb (upper right corner of lowest panel).
Mergers with these properties could form a large quantities of dust
even prior to the secondary shock-powered light curve, resulting in
the formation of a much larger cooler photosphere due to the high
dust opacity and a luminous infrared transient.
This subset of mergers may be particularly relevant to the class
of infrared transients recently discovered by the ongoing SPIRITs
(SPitzer InfraRed Intensive Transients Survey) of nearby galax-
ies with Spitzer (Kasliwal et al. 2017), some of which show no
detectable optical counterparts and absolute magnitudes at 4.5µm
from MV ∼ −11 to −14. These so-called SPRITES (eSPecially
Red Intermediate-luminosity Transient Events) are characterized
by a wide range of photometric evolution rates, corresponding to
timescales as short as months or as long as several years. Our re-
Figure 6. Parameter space of shock-powered emission from stellar merg-
ers, based on the analytic estimates derived in §3, as a function of binary
mass M and semi-major axis a; the latter normalized to the main sequence
radius Rms of a star of mass M. Top Panel: Timescale of peak emission
tpk (black contours, eq. 21) and mean velocity of fast ejecta v¯ej = vesc, cal-
culated for ξ = 0.5, κ = 0.3 cm2 g−1, Mej = Mw = 0.1M, vw = vesc/4,
fΩ = 0.3. Bottom Panels: Peak luminosity Lpk (black contours, eq. 24)
and estimated ejecta temperature at peak luminosity Tpk (red contours),
shown for two assumptions about the timescale for pre-dynamical mass
loss, trun = 10torb, 100torb. Also marked are the schematic regions of pa-
rameter space giving rise to shock-powered emission which peaks at optical
wavelengths as luminous red novae (“LRN”) versus infrared wavelengths as
potential “SPRITES” (§4.2), as delineated by whether the ejecta tempera-
ture at the time of the shock-powered peak exceeds that of dust nucleation
Tpk ≈ 2000 K.
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sults suggest that stellar mergers of giant stars, with particularly
long pre-dynamical mass loss phases (trun ∼> 10 − 100torb), repre-
sent an attractive explanation for the SPRITE phenomenon. These
events may have been optically-bright briefly near the point of the
dynamical merger, but their time interval as unobscured optical
transients could be very short compared to the bulk of the latter
shock-powered, infrared-bright phase. Potentially supporting pic-
ture is the discovery of shock-excited molecular hydrogen emis-
sion from SPIRITS 14ajc, which Kasliwal et al. (2017) propose
could have resulted from the merger of a proto-stellar binary. The
object OGLE2002-BLG-360 (Tylenda et al. 2013) might represent
a low-mass counterpart to SPRITES.
5 DISCUSSION AND CONCLUSION
Previous work has interpreted the late phase of LRN emission as
being powered by hydrogen recombination (Ivanova et al. 2013;
MacLeod et al. 2017). However, the required ejecta masses in
some cases are quite large: MacLeod et al. (2017) estimate that
the 100 − 200 day emission of M101 OT2015-1 requires an ejecta
mass of 1 − 10M, close to the entire mass of the binary. In our
shock-powered scenario, the same luminosity can be powered by a
much lower ejecta mass ∼< M since the energy per gram of shock-
powered emission ∼ v2esc greatly exceeds the ∼ 1 Rydberg per par-
ticle supplied by hydrogen recombination.
If the optical LRN can be explained by the ejection of rela-
tively small amount of mass Mej ∼ 0.1M then this would imply
that most of the current sample are likely to be bona fide stellar
mergers, in which most of the envelope is retained. Furthermore,
the progenitors of LRN are consistent with being relatively com-
pact stars near the main sequence and not red (super)giants. Merg-
ers of the latter, more evolved stars are likely to appear significantly
redder, dustier, and longer in duration, consistent with the observed
properties of SPRITEs (Kasliwal et al. 2017). Given the limited
information available on the final outcome of LRN, it is unclear
whether these events completely eject their envelope, leaving be-
hind a tight binary pair. Direct detection of the surviving binary -
or even a single merger remnant - is challenging due to lingering
presence (and perhaps continual production) of dust. The prolonged
3.6 and 4.5 µm emission from M101 OT2015-1 and NGC 4490-OT
(Blagorodnova et al. 2017; Smith et al. 2016) hints that a continuum
of transient properties may exist between SPRITES and LRN.
In order to reproduce the light curves of LRN, we require that
the total amount of mass loss from the binary during the dynam-
ical and pre-dynamical phases are roughly comparable, i.e. Mej ∼
Mw ∼ 0.1M. Such a substantial amount of pre-dynamical mass
loss is potentially surprising within the current “common enve-
lope” paradigm, which dictates that the most important phases of
the merger process occurs only once the binary loses co-rotation
with - and begins to feel hydrodynamical drag on - the envelope.
Indeed, the pre-dynamical mass loss required by our models would
alone be sufficient to carry away the angular momentum required
to merge the binary, if this matter leaves the binary with the same
specific angular momentum of the L2 point.
Our results also have implications for the ability of numeri-
cal simulation to address the stellar merger problem. The accumu-
lation of slowly-expanding or quasi-stationary circumbinary wind
material, released over many orbital periods, would be very chal-
lenging to study using typical common envelope hydrodynamical
codes due to long timescales involved, (potentially) insufficient res-
olution near the stellar surface, and possible radiative/thermal pro-
cesses that control the runaway of the binary (which are not typ-
ically modeled). Sustained pre-dynamical mass loss furthermore
implies that initial conditions for the dynamical phase are likely
to be substantially different than currently assumed, due to changes
in the envelope of the stars caused by the preceding phase of grad-
ual mass loss. All of these aspects informing the appropriate “ini-
tial conditions” for numerical studies can be constrained by devel-
oping more sophisticated models for shock-powered emission in
LRN. These will more tightly constrain Mej, Mw, and their rela-
tive velocity from the timing and luminosity of the secondary light
curve peak, combined with constraints on the ejecta velocity struc-
ture from spectroscopy.
MacLeod et al. (2017) interpret the first peak of M31 LRN
2015 as being due to cooling envelope emission of ∼ 10−2M of
fast ejecta driven at the onset, and they interpret the later plateau-
shaped emission as being powered by hydrogen recombination of a
larger ejecta mass ∼ 0.3M to power the later recombination-driven
plateau. In our picture, both components of emission result from a
singular mass ejection event created during the dynamical phase
of the merger. The low inferred mass of the “fast” ejecta, which
contributes to the earliest emission phase, is a simple byproduct of
the typical density profile of an dynamical explosion (eq. 3), which
places only a small fraction of the total mass at high velocities (as
commonly inferred also in Type IIP supernovae). Supporting our
interpretation of this event is pre-outburst photometry showing ev-
idence for pre-dynamical mass loss (Dong et al. 2015). Ultimately,
the luminosity and duration of the first light curve peak constrains
the initial thermal energy and quantity of the fastestest expanding
dynamically-ejected matter.
We have discussed scenarios for producing the second light
curve peaks, which are commonly but not ubiquitously observed in
LRN (Fig. 1). LRN without second peaks include V1309 Sco and
M31 LRN 2015. In §4 we described how a second plateau could
possibly be avoided if the shocks are insufficient to keep the ejecta
hot enough to stay ionized until the nominal Arnett peak timescale
(eq. 21). In this case the resulting drop in opacity results in rapid
cooling of the ejecta and dust formation, precluding a true optical
peak (though the plateau-shaped emission prior to this point may
still be shock-powered, and a secondary peak may still occur in
the infrared). Another possible explanation for lack of a plateau
is due to the influence of viewing angle. V1309 Sco was likely
observed near the binary equatorial plane (Tylenda et al. 2011),
in which case equatorially-concentrated dust formation in the pre-
dynamical mass loss or shock-compressed gas (§4.2) could result
in obscuration of the shock-powered emission peak (which diffuses
out through the lower density polar regions; Fig. 2). In the latter
case the dense shell would need to reside near or above the optical
photosphere of the fast ejecta; future work should address possible
emission line signatures of these exposed shocks.
From the sample of LRN light curves in Figure 1, an apparent
correlation exists between the shock-powered emission peak and
the time interval between the peaks. Comparing equation (21) and
(23), for shock-powered emission we predict tpk ∝ M1/4a1/4 and
Lpk ∝ M5/2a−5/2. A positive correlation between tpk and Lpk would
therefore suggest that binary mass instead of semi-major axis is a
primary candidate for the variable driving this relationship. How-
ever, this apparent correlation could also be shaped by selection
effects: mergers of wide (large a) binaries may suffer early dust
formation, making them observable only as SPRITES instead of
optically-luminous LRN (Fig. 6).
Early observations of some LRN indicate that their colors
prior the first light curve maximum are redder than near the peak
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(Kurtenkov et al. 2015; Kankare et al. 2015). This is unusual be-
cause explosions typically evolve from blue to red, and our model
is no exception (Fig. 4). We speculate that this early red emission
could be another signature of extended pre-dynamical equatorial
mass loss not included in our model. Either one is directly observ-
ing the pre-dynamical wind at early times (which is naturally cooler
than the recently shocked dynamical ejecta), or the outer regions of
the pre-dynamical wind are absorbing and reprocessing emission
from the dynamical ejecta before being overtaken. We note that
similar red-to-blue-to-red light curve evolution is observed also in
the SN IIn 2011ht (Mauerhan et al. 2013), lending credence to our
explanation for LRN since pre-explosion mass loss is the hallmark
feature of supernovae IIn.
Finally, although we focused on a simple mass loss history
prior to the dynamical phase of the merger, in principle a more com-
plex series of mass ejection events could occur if the common en-
velope evolution occurs in several stages (e.g. Ivanova et al. 2013).
In such cases, more than two broad light curve peaks are possible,
similar to the complex light curve structure observed in some Type
IIn SNe. The bimodal picture of a fast dynamical explosion plow-
ing into a slow steady wind adopted in this work is also almost
certainly too simplified; the transition between these two phases
will in reality be more gradual than we have assumed.
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